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DETECTION AND CHARACTERIZATION OF SINGLE NANOPARTICLES  
 
USING LOW-ASPECT-RATIO SILICON NITRIDE NANOPORES 
 
RAMI YAZBECK 
 
ABSTRACT 
Nanopore-based single nanoparticle detection methods have found recently 
increasing importance in applications ranging from gaining a better understanding of 
biophysical processes to technology-driven solutions such as biomolecule sensing and 
nanoparticle characterization. The significant advantages of nanopores include label-free, 
high throughput, and low material requirement. However, challenges remain especially in 
terms of further improving sensitivity and specificity of such methods, which are the two 
most important factors to take into account for biomolecule/particle sensing. 
This work aims to improve nanopore-based nanoparticle sensing. We first use 
nanopore resistive pulse sensing to detect translocation of nanobeads through low-aspect-
ratio silicon nitride nanopores. Resistive-pulse sensing utilizes the principle that a single 
particle in a pore filled with conductive solution decreases the ionic conductance of the 
orifice. Transit of the particle through the pore is observed as a dip in the ionic current. We 
used this principle to detect 50 and 100 nm polystyrene particles modified with carboxyl 
group. Our result shows that the translocation current of these two nanoparticles are 
different, and the translocation frequency increases non-linearly with the nanoparticle 
concentration. We also found that often translocating particles become permanently stuck 
onto the nanopore surface, causing the experiment to end prematurely. 
  ix 
In the second half of this thesis, we present a new nanopore-based sensing method 
that does not only overcome the clogging limitation, but actually exploits the ionic current 
change and induced Brownian noise caused by the blockage to characterize the properties 
of single nanoparticles. The technique consists of electrokinetically trapping and de-
trapping of particles near a nanopore, which happens when the diameter of the nanopore is 
smaller than that of the particles. We prove that trapping occurs due to a balance between 
two counteracting factors: electrophoretic and electroosmotic forces. The motion of the 
trapped nanoparticle can then be modeled as a damped harmonic oscillator. We use the 
new trapping phenomenon to characterize nanoparticles with different sizes and charges, 
each of which gives different blockage current and spring constant. We also study the 
dependence of applied voltage on the blockage current and spring constant, which shows 
the ability to tune the position of trapping and force exerted on the nanoparticle. This new 
technique may find applications in drug delivery, transport control, and biosensing. 
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CHAPTER 1: Introduction 
Nanofluidics refers to a set of technologies that manipulate and control fluids 
(including droplets and suspended particles) geometrically constrained within 
nanostructures (Eijkel and Van Den Berg 2005, Sparreboom et al. 2009). The small scale 
of nanofluidic devices fulfill the demands of many biochemical applications for small 
sample volume, rapid response, high sensitivity, portability and low cost (Segering et al. 
2014). Hence, nanofluidic systems have broad potential applications, including bio-
detection (Abgrall and Nguyen 2008), drug-delivery (Angelova et al. 2008), clinical 
diagnostics (Segering et al. 2014), and chemical monitoring (Conlisk 2013). Notably, in 
recent years there has been particular growing interest in integrating nanofluidic based 
devices in the field of single-molecule biophysics (Deniz et al. 2008). 
Single-molecule biophysics is a relatively young branch of science that employs 
well established physical phenomena and principles to uncover the essential features of 
life’s smallest mechanisms, biomolecules, as they carry out their functions in living cells 
and organisms (Deniz et al. 2008). Since the 1980’s a vast number of single-molecule 
biophysics techniques were developed after advancements in micro-electro-mechanical-
systems (MEMS) and optics (Miller et al. 2017). These methods offered a great deal of 
understanding about electronics structure, polarity, size, shape, and dynamics of interaction 
of biological molecules. Some of these techniques include the use of fluorescence 
spectroscopy, nuclear magnetic resonance (NMR), x-ray crystallography, gel 
electrophoresis, optical tweezers and the newest yet the most promising to date: nanopore 
sensors (Wanunu 2012).    
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Nanopore-based resistive pulse sensing was first reported for biotechnological 
application in 1996 using biological nanopores (Song et al. 1996). Since then, this single-
molecule sensor has proven to be a valuable tool for detecting and quantifying the physical 
and chemical properties of single biomolecules (Tsutsui et al. 2012). Advancement in the 
fabrication of synthetic nanopores in solid-state membranes (Duan et al. 2013) have 
enabled researchers to utilize this label-free sensing tool to measure the size, surface charge 
density and concentration of various biomolecules in suspensions (Davenport et al. 2012, 
Venta et al. 2014). To further develop nanopores as useful tools for basic research as well 
as commercial applications, sensitivity and specificity limitations must be addressed. 
Overall, this thesis aims to discuss how to improve the sensitivity and specificity of 
nanopore-based single nanoparticle sensing. 
This thesis will shed light on one of the most critical concepts that have to be 
understood regarding transport of particles in any nanoscale conduit: electrokinetics. 
Applying electrokinetics in nanoscale dimensions can be a robust technique for 
transporting, manipulating, and trapping nanoparticles (Zhao and Yang 2012, Tsutsui et al. 
2013). Electrokinetics involves the use of electric fields to apply electrostatic forces on 
suspended particles in a charged fluid. The applied electric force induces the motions of 
fluids and particles. At the nanoscale level, electrokinetics is a key dominant effect due to 
the large surface area to volume ratio (Kirby 2013). Hence the particles can be controlled 
by solely using electric fields with no other moving parts. This thesis briefly summarizes 
the basics of electrokinetics, including: electric double layer, electroosmosis, and 
electrophoresis. 
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In Chapter 2, the fabrication of nanopore devices and experimental setup used to 
conduct the experiments in this thesis are outlined. This chapter aims to discuss all the 
processing steps used to fabricate a free-standing silicon nitride membrane, on which the 
nanopore will be etched. Also, an in-depth discussion of the experimental setup will be 
outlined.  
In Chapter 3, nanopore-based resistive pulse sensing of single nanoparticles in low-
aspect-ratio silicon nitride nanopore is presented. This chapter aims to demonstrate the 
feasibility of resistive pulse sensor for multiplex detection of nanobeads. Our results 
demonstrate that a nanopore device can efficiently differentiate translocation signals of two 
different bead sizes. Our results also show that the nanopore-based resistive pulse sensor 
can accurately estimate the concentration of the suspended nanobeads based on the 
frequency of translocations. We found a considerable limitation of this method, namely 
that often translocating particles become permanently stuck onto the nanopore surface, 
causing the experiment to end prematurely. 
In Chapter 4, we explore a new technique that overcomes the clogging problem. It 
is based on stable trapping of single nanoparticle near a nanopore and using it as a tool for 
detection and characterization of nanoparticles properties. This study aims to explore the 
dependence of the ionic current change and induced noise caused by trapping on the size 
and charge of nanoparticles. Our results demonstrate that signals of beads with different 
sizes and charges can be reliably separated based on the trapping current, and induced 
Brownian noise. In addition, our study reveals that the position of trapping and the force 
exerted on the nanoparticle can be tuned by changing the applied voltage. We envision that 
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further development of this technique will provide numerous advanced tools for unique 
applications in drug delivery, transport control, and biosensing. 
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Chapter 2: Fabrication of Nanopore Devices and Experimental Setup 
2.1 Fabrication of Nanopore Devices 
In the past decade, researchers conducted extensive studies with different solid-
state nanopores such as glass nanopipettes (Cai et al. 2015), PDMS pores (Angeli et al. 
2015), graphene pores (Shneider et al. 2010), and silicon nitride pores (Davenport et al. 
2012). The latter are the most widely used on the research level due to their ease of 
fabrication over a broad range of diameters and pore depth (Kudr et al. 2015, Wei et al. 
2010). For this reason all of our experiments have been carried out in silicon-nitride 
nanopores. 
The bulk of the nanopore device consists of a 4 inch <100> silicon wafer that has 
an approximate thickness of 500 𝜇𝑚. A 2 𝜇𝑚 insulating layer of silicon dioxide (SiO2) 
film is grown on both sides of the silicon by wet thermal oxidation. The role of the SiO2 
layer is to minimize the overall capacitance, making the device more insulating and 
therefore reducing noise in the measured signal. Nitride is then deposited on top of the SiO2 
layer using low-pressure chemical vapor deposition (LPCVD) to create a low-stress, 
amorphous silicon nitride (Si3N4) layer. The thickness of the nitride layer defines an 
important design parameter: pore depth. The sensitivity of detection improves for a thinner 
membrane (Davenport et al. 2012), thus it is critical to have this nitride film as thin as 
possible while still being mechanically robust. The nitride layer thickness for our device is 
50 nm. A schematic of the different layers that constitute our nanopore device is shown in 
Figure 2.1: 
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Figure 2.1: Schematics of wafer structure used to fabricate the nanopore devices (not to 
scale). 
 
In order to fabricate a free-standing silicon-nitride membrane, a negative 
photoresist is first spun on the wafer. Through standard lithographic techniques, a window 
( referred to as a crater) is opened through the resist exposing the silicon nitride layer. The 
exposed Si3N4 is then completely etched with dry plasma reactive ion etching (RIE) 
exposing the SiO2 layer which then is etched using buffered oxide etchant (BOE).   
Potassium hydroxide (KOH) anisotropically etches <100> silicon along its <111> plane 
(Peng et al. 2010). This results in a hole oriented at 54.75° from the <100> Plane and a flat 
oriented bottom as shown in Figure 2.2. The oxide layer is then etched with BOE resulting 
in a free-standing silicon nitride membrane. 
 
 
 
 
 
Free standing membrane 
Figure 2.2: Schematics of a free-standing silicon nitride membrane 
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A scanning electron microscope (SEM) image of the free-standing membrane is 
shown in Figure 2.3.a. The size of the membrane can be tuned by carefully designing the 
geometries of the crater; undercuts effects (etching under the edges of the masking 
material) are insignificant. For example, to produce a membrane of 25 ± 5 𝜇𝑚, the crater 
size used should be about 725 𝜇𝑚. The smaller the membrane, the more stable and robust 
it is. For all the devices used in this dissertation, the membrane size ranges between 20 and 
30 𝜇𝑚. It is important to note that the silicon nitride surface potential has been shown to 
be negative but not very stable and may slowly change with time (Firnkes et al. 2010).  
A nanopore is then drilled through the membrane via a highly focused gallium ion 
beam (FEI Quanta 3D FEG FIB). An SEM image of a nanopore drilled on a silicon nitride 
membrane is shown in Figure 2.3.b. The nanopore is considered to have a cylindrical shape 
since the membrane is relatively thin. All fabrication steps were carried in a clean room 
environment.  
              
Figure 2.3: (a) SEM image of a 50 nm free-standing silicon nitride membrane. (b) SEM 
image of a nanopore milled by focused ion beam on silicon nitride membrane. 
 
Right before the measurements, each chip was cleaned with piranha (H2SO4:H2O2 
3:1) at 120 ℃ for 10-15 minutes, then thoroughly rinsed with deionized water and dried 
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with nitrogen. The nanopore surface can be further treated with oxygen plasma to make the 
wetting process easier. The chip surface around the membrane was painted by a fast cure 
silicone rubber adhesive (sil-poxy) as shown in Figure 2.4. This was found to reduce the 
capacitance noise during the measurement. 
 
Figure 2.4: Optical microscope image of a chip used for experiments. The free standing 
membrane at the center is surrounded by painted silicon adhesive.   
 
The chips were then loaded into a custom piranha-resistant teflon holder and sealed 
with silicon adhesive to separate cis and trans chambers. The only connection between the 
two chambers is the nanopore itself. Both reservoirs are filled with an electrolyte buffer, 
typically 1x phosphate-buffered saline (PBS, Sigma Aldrich) equivalent to 150 mM NaCl 
at pH 7.4 (unless otherwise noted).  
An Axon 200B amplifier was used to apply an electric potential in voltage-clamp 
mode across the membrane via silver/silver chloride (Ag/AgCl) electrodes, and the 
resulting instantaneous current was measured. This current signal was digitized at a 
sampling rate of 500 kHz (Digidata 1550 digitizer, Molecular Devices, Inc.) and a low-
pass filtered with a cutoff frequency of 100 kHz is applied to increase the signal-to-noise 
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ratio. The setup was placed in a Faraday cage on a floating air table to minimize the external 
electromagnetic radiation and the vibration induced noise.  
 
2.2 Nanoparticle Characterization 
Nanobeads with different sizes and surface functional groups were used for the 
experiments. All the nanoparticles (NP) were bought from Bangs Laboratories, Inc. and 
different concentrations were obtained with serial dilution in the PBS buffer. Dynamic light 
scattering (Brookhaven 90 plus Nanoparticle sizer) was used to measure the size 
distribution as well as the zeta potential of the beads. Another reliable way of measuring 
the size distribution is using a scanning electron microscope to image the nanobeads, and 
then finding the size distribution by using an image processing software such as “ImageJ”. 
Figure 2.5 shows an SEM image of polystyrene nanoparticles.  
 
Figure 2.5: SEM image of polystyrene nanoparticles.  
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Figure 2.6.a and 2.6.b displays respectively the size distribution of the same beads 
based on DLS and SEM characterization. Good agreement between the size distributions 
obtained from the two methods was observed.  
 
Figure 2.6: Size distribution of nanobeads as measured by (a) dynamic light scatter 
(DLS) and (b) scanning electron microscope (SEM). 
 
All the nanoparticles tested showed a narrow size distribution. Table 2.1 
summarizes the nanobeads used for the experiments and their corresponding mean 
diameter as well as their zeta potential: 
Table 2.1: Summary of all nanoparticles used for the experiments and corresponding mean 
diameter, and zeta potential. 
 
Nanoparticle Mean diameter (nm) Zeta Potential (mV) 
Polystyrene with carboxyl 
functional group (PS-COOH) 
45 −32.5 ± 1.5  
105 −31.9 ± 2  
156 −30.9 ± 2  
355    −30.2 ± 1.5  
Polystyrene with amine 
functional group (PS-NH2) 
104 −10.4 ± 2 
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CHAPTER 3: Multiplex Detection of Nanoparticles based on Nanopore Resistive 
Pulse Sensing 
 
In this chapter, we demonstrate the feasibility of nanopore resistive pulse sensing 
for multiplex detection of nanobeads. Resistive pulse sensing utilizes the principle that the 
conductance of a pore filled with ionic solution momentarily decreases as a particle transit 
through the pore. We study the simultaneous translocation of two different sizes of beads, 
50 nm and 100 nm, in low-aspect-ratio silicon nitride nanopores. This work aims to 
differentiate translocation signals of the two different bead sizes and to measure the 
concentration based on the frequency of translocations. Our result shows that translocation 
current of these two nanoparticles are different, and the translocation frequency increases 
non-linearly with the nanoparticle concentration. Study of translocation of nanobeads of 
varying size through the same size nanopore reveals that the translocation frequency for 
the smaller nanoparticles is higher. We also found that often translocating particles 
becomes permanently stuck onto the nanopore surface causing the experiment to end 
prematurely. 
 
3.1 Introduction 
The nanopore-based resistive pulse sensing has proven to be a valuable tool for 
detecting and quantifying the physical and chemical properties of single biomolecules 
(Davenport et al. 2012, Venta et al. 2014). Researchers were able to utilize this tool to 
successfully measure the size (Edwards et al. 2015), surface charge density (Venta et al. 
2014) and concentration (Saleh and Sohn 2001) of different biomolecules in suspensions. 
For instance, researchers demonstrated the ability of nanopore to detect and characterize 
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microRNAs, which can be exploited as a useful tool for early diagnosis, staging, and 
monitoring of cancer (Gu et al. 2012).  Also, nanobeads have a similar structure as many 
biomolecules (example: liposomes, viruses, or individual cells). An in-depth study of the 
behavior of nanobeads translocating through a solid-state nanopore can be useful in further 
understanding the biological interactions that happen at the nanoscale (Darby et al. 2011).  
The ability of accurately identifying and characterizing particles especially from 
heterogeneous samples is essential in processes ranging from fundamental biological 
research to medical therapies (Gu et al. 2012). Our ultimate goals from this chapter are to 
demonstrate that nanopore resistive pulse sensing can (i) separate translocation signals of 
two bead sizes mixed together in the same solution and (ii) measure the nanobead 
concentration based on the frequency of translocation events. We will study the passage of 
50 and 100 nm polystyrene beads modified with carboxyl group (PS-COOH) through a 
low-aspect-ratio silicon nitride pore. First, the working principle of this tool and the 
theoretical background necessary for understanding the transport of nanoparticle through 
a nanopore is presented. Secondly, our experimental procedures and results are detailed.  
 
3.2 Resistive Pulse Sensing. 
Nanopore resistive pulse sensing is viewed as a Coulter counting technique at the 
nanoscale (Coulter 1953). The Coulter counting technique experimental setup consists of 
two reservoirs each filled with an ionic solution (example: NaCl) and the pore is the only 
conduit connecting them. Each reservoir is equipped with an electrode, typically 
silver/silver chloride electrodes (Ag/AgCl), which are connected through an ammeter.  
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When an external electric field is applied across the pore, a different 
electrochemical reaction occurs at each of the two electrodes placed allowing ion transport 
through the nanopore. At the anode (+) side, the following oxidation reaction occurs: 
Ag+𝐶𝑙− → 𝐴𝑔𝐶𝑙 + 𝑒−. The extra electron released travels through the electrode to the 
ammeter producing current. As the electron leaves the solution, it creates a charge 
imbalance at the electrode level which drives the cations toward the pore. At the cathode 
(−) side, the oxidation reaction is reversed: 𝐴𝑔𝐶𝑙 + 𝑒− →  𝐴𝑔 + 𝐶𝑙−, the released chloride 
ion moves toward the other reservoir. The transport of the cations from the positive 
compartment to the negative side and the anions in the opposite direction allows the 
creation of steady baseline ionic current. Furthermore, when a charged nanoparticle is 
introduced into one of the reservoirs, due to the applied bias it is driven through the pore 
into the other reservoir. The passing nanoparticle displaces electrolyte ions from the 
nanopore resulting in a momentarily change in the pore resistance which can be detected 
as a current blockade. Schematics illustrating the process and its corresponding signal are 
respectively shown in Figure 3.1.a and 3.1.b. 
 
Figure 3.1: Schematics of (a) a nanopore-based resistive pulse sensing experimental 
setup and (b) corresponding single nanoparticle translocation event. 
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Each translocation signal can be characterized by two parameters: the magnitude 
of the current change (translocation current, ∆𝐼) and the time duration of the current change 
(translocation duration,  ∆𝑡 ). At high salt concentrations, these two parameters are 
respectively a function of particle size and charge. Figure 3.2 shows an actual translocation 
event signal of 100 nm PS-COOH bead through a 200 nm pore.  
 
Figure 3.2: Single translocation event of 100 nm PS-COOH particle through a 200 nm 
pore at 200 mV. 
 
Another critical parameter in biosensing applications is the concentration of the 
particles, which can be obtained by just analyzing the frequency at which the translocation 
events occur (capture rate). Figure 3.3 shows multiple translocation signals of 100 nm 
polystyrene bead suspended in 1x PBS solution through a 200 nm pore at 200 mV.  
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Figure 3.3: Translocations signal for 100 nm PS-COOH particles through a 200 nm pore 
at 200 mV.  
 
3.3 Theoretical Background  
Electrokinetic flow defines the underlying physics behind the motion of a 
nanoparticle under an applied external field (Zhao et al. 2012). In this section, we briefly 
summarize the basics of electrokinetic flow which includes electroosmosis (EO) and 
electrophoresis (EP). We will first discuss the structure and principle of the electrical 
double layer (EDL) which plays an essential role in various electrokinetic phenomena. 
 
3.3.1 Electrical Double Layer: 
 
At the nanoscale when solid surfaces are brought into contact with an aqueous 
solution, they tend to gain surface charges. This rises from the adsorption or dissociation 
of chemical groups (Behrens and Grier 2001, Perram et al. 1973). For example, a surface 
functionalized with carboxyl groups (COOH) can dissociate in aqueous solution and 
release protons (hydrogen nuclei), but also a cation can be physically adsorbed onto the 
surface (COOH ⇌ COO- + H+). The charged surface attracts counter-ions and repels co-
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ions creating a thin layer near the surface occupied with more counter-ions referred to as 
the EDL. This layer is formed of two distinct phases:  the stern and diffusive layer 
(Israelachvili 2011). 
Ions within the stern layer are immobilized due to a very strong electrostatic force, 
and ions within the diffusive layer are free to move. The EDL thickness is characterized by 
the Debye length. The Debye length (𝜆𝐷) for a monovalent electrolyte can be written as: 
𝜆𝐷 = √
𝜀𝑘𝑏𝑇
2𝑛𝑒2
  (3.1) 
with ε representing the dielectric permittivity, kb the Boltzmann constant, T the 
temperature, n the ionic concentration and e the elementary charge. The lower the ionic 
concentration, the thicker the EDL. For instance, 𝜆𝐷 of a charged surface immersed in a 
150 mM NaCl (mostly used in our experiments) at room temperature (25℃) is less than 1 
nm. For a nanopore with a characteristic diameter d, if the constant 𝜆𝐷 << d (which is the 
case for all experiments covered in this thesis) only the area near the surface will experience 
excessive counter-ions concentration, while the ionic concentration away from the pore 
surface is equivalent to bulk solution (Kirby 2013). 
 
3.3.2 Translocation Duration 
When an external electric field is applied along a stationary charged surface, the 
excessive counter-ions in the EDL are forced to move toward the oppositely charged 
electrode dragging the viscous fluid within and outside the EDL with them (Kirby 2013). 
This induced fluid flow motion from the electrostatic interaction between the applied 
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external electric field and the net charge within the EDL is referred to as electroosmotic 
flow (EOF). EOF has been used in various applications in the micro/nanofluidics field, 
such as in drug delivery (Pikal 2001, Chen et al. 2007); microelectronics cooling 
(Berrouche et al. 2009); clean energy generation (Buie et al. 2007).  
The fluid motion is governed by the modified Navier-Stokes (NS) equation, and 
the continuity equation assuming incompressible fluid:                      
  𝜌 (
𝜕𝑢
𝜕𝑡
+ 𝑢 ∙ ∇𝑢) = −(∇𝑝 − 𝐹𝐸𝑂𝐹) +  𝜂∇
2𝑢  (3.2) 
  ∇ ∙ 𝑢 = 0  (3.3) 
where 𝜌 is the fluid density; 𝜂 is the dynamic viscosity; 𝑢 is the fluid velocity; 𝑝 is the 
pressure; 𝐹𝐸𝑂𝐹 is the electrokinetic force acting on the fluid, which is written as:  
   𝐹𝐸𝑂𝐹 = −𝜀 ∇
2𝜙𝐸  (3.4) 
where E is the external applied electric field; 𝜙 is the electric potential within the fluid due 
to surface charge. The NS equation can be further simplified by assuming that the fluid 
only flows in the x-direction, that there is no external pressure gradient applied, and that 
the EOF is fully developed and steady: 
𝜂
𝑑2𝑢
𝑑𝑦2
= −𝜀 
𝑑2𝜙
𝑑𝑦2
𝐸𝑥   (3.5) 
𝐸𝑥 is the x component of the external electric field. The zeta potential (𝜁) represents the 
potential at the shear plane, which is the plane between the stern and diffusive layer. 
Assuming that the potential at the surface of the particle is equivalent to the zeta potential 
and considering no-slip surface, Equation 3.5 can be solved to obtain: 
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𝑢 = −
𝜀
𝜂
[𝜁 − 𝜙(𝑦) ]𝐸𝑥 (3.6) 
  For 𝜆𝐷 smaller than the characteristic length of the nanofluidic device, 𝜙 (away 
from the surface) in a high ionic concentration (bulk dominating regime) can be considered 
to be zero. Hence, the electroosmotic velocity (𝑢𝐸𝑂) in the bulk regime is uniform and it 
can be written as: 
𝑢𝐸𝑂 = −
𝜀
𝜂
𝜁 𝐸𝑥 (3.7) 
When an external electric field is applied on charged particles suspended in an 
aqueous solution they are forced to move; this is referred to as electrophoretic flow (EPF). 
Notice, that in EPF (unlike in EOF) the charged surface is mobile (Kirby 2013). Mostly, in 
our nanopore experiments, EPF is the driving force of the particle. The particle’s 
electrophoretic velocity (𝑢𝐸𝑃) is the outcome of balancing the hydrodynamic and 
electrostatic force acting on the particle. 𝑢𝐸𝑃 is expressed as: 
𝑢𝐸𝑃 = 𝜇𝐸𝑃 𝐸 (3.8) 
𝜇𝐸𝑃 is the electrophoretic mobility of the particle. It is a measure of the particle ability to 
move in response to an electric field (Kirby 2013). When the diameter of the particle is 
significantly larger than the EDL (𝜆𝐷 ≪ 𝑑), the electrophoretic mobility is expressed as: 
𝜇𝐸𝑃𝐹 =
𝜀𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝜂
 (3.9) 
The translocation duration (the time it takes for the nanoparticle to pass through the 
nanopore) is simply the net velocity resultant of the two different components - the 
electrophoretic and the electroosmotic velocity as shown in Figure 3.4: 
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𝑣𝑇𝑂𝑇𝐴𝐿 = 𝑢𝐸𝑃 + 𝑢𝐸𝑂 =
𝜀
𝜂
 (𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜁𝑝𝑜𝑟𝑒) 𝐸 (3.10) 
𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 , 𝜁𝑝𝑜𝑟𝑒 are respectively the zeta potential of the particle and zeta potential of the 
nanopore. Based on which zeta potential dominates, the bead can be electrophoretically or 
electroosmotically driven through the nanopore. If particle and pore zeta potentials are 
equivalent to each other, the two velocity terms cancel each other, and no translocation will 
happen (Davenport et al. 2012). 
 
Figure 3.4: Schematics of the electrophoretic and electroosmotic forces applied on a 
bead as it translocates through a nanopore. 
 
3.3.3 Ionic Current 
The electroosmotic flow is induced by the movement of ions in the channel. The 
cations and anions move in the same direction with the fluid which gives rise to an electric 
current, referred to as electroosmotic current (𝐼𝐸𝑂).  𝐼𝐸𝑂 in a nanopore with radius R, and 
considering monovalent ionic solution (example: NaCl) is expressed as:     
𝐼𝐸𝑂 = ∫ (𝑧+𝑐+ + 𝑧−𝑐−)
𝑅
0
𝑢𝐸𝑂 𝑑𝐴 (3.11) 
where 𝑧+, 𝑧− are respectively the valence for the cations and anions in the solution; 𝑐+, 𝑐− 
are respectively the molar concentration of the cations and anions; A is the cross-sectional 
area of the pore. For the bulk regime the charge concentration of anions is equivalent to 
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that of the cations, hence 𝑧+𝑐+ = −𝑧−𝑐−. For 𝜆𝐷 << 2 𝑅, the electroosmotic flow will not 
contribute to the net current.  
Under an external electric field, the anions and cations migrate electrophoretically 
in opposite directions. This will induce a current referred to as electrophoretic current (𝐼𝐸𝑃). 
The electrophoretic current induced by the ion transport through a nanopore is related to 
charge density of the ions (𝜌𝑖𝑜𝑛𝑠) , the velocity of the ions (𝑣𝑖𝑜𝑛𝑠) and the cross-sectional 
area of the pore (𝐴𝑝𝑜𝑟𝑒) (Kirby 2013, Smeets et al. 2006). For high salt concentration the 
charge density of the ions depends on the bulk concentration of the ionic solution, it can be 
expressed as:  
𝜌𝑖𝑜𝑛𝑠 = 𝑒 (𝑛+ + 𝑛−) (3.12) 
where e is the elementary charge. For monovalent ionic solution the number density of 
cations and anions are equal (𝑛+ = 𝑛−) . The surface charge density of the pore (σ) 
increases the number of ions inside the pore. For instance, if σ > 0 the density of anions in 
the nanopore increases, and the reverse happen if σ < 0. The silicon nitride has negative 
surface charge (Cerruti et al. 2008). Thus we can express the total number density of 
cations in a negatively charged nanopore as: 
𝑛+ = 𝑛𝑏𝑢𝑙𝑘 +
4 |𝜎|
𝑒 𝑑𝑝𝑜𝑟𝑒
 
(3.13) 
here 𝑑𝑝𝑜𝑟𝑒 is the pore diameter. The first term, 𝑛𝑏𝑢𝑙𝑘, is the number density of ions in the 
bulk solution. The second term in Equation 3.13 represents the excess number density of 
cations in the nanopore resulting from the negatively charged surface. 𝑣𝑖𝑜𝑛𝑠 characterizes 
the electrophoretic velocity of the ions, it can be written as: 
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𝑣𝑖𝑜𝑛𝑠 = 𝐸 (𝜇𝐸𝑃,+ + 𝜇𝐸𝑃,− ) (3.14) 
E is the external electric field applied across the nanopore which is estimated as the applied 
voltage divided by the length of the pore (𝐸 =  𝑉/𝑙). We will discuss later in this section 
that this estimation neglects any entrance effect. Assuming cylindrical pore, the cross-
sectional area of the pore  𝐴𝑝𝑜𝑟𝑒 =  𝜋𝑑𝑝𝑜𝑟𝑒
2 ; 𝜇𝐸𝑃,+ and 𝜇𝐸𝑃,− represents respectively the 
electrophoretic mobility of cations and anions.  
 Small particles in solution undergo a random thermal motion (Brownian motion). 
For a point charge (ions) this Brownian motion can be modeled by the Stokes-Einstein 
equation: 
𝜇𝐸𝑃 =
𝐷𝑒
𝐾𝑏𝑇
 (3.15) 
for instance, 𝜇𝐸𝑃  of Na
+ ≈ 5.2 ∗ 10−8  (m2/V.s) and Cl- ≈ −7.9 ∗ 10−8  (m2/V.s). The 
electrophoretic current (𝐼𝐸𝑃) can now be written as: 
𝐼𝐸𝑃 = 𝑒 [ (𝑛𝑏𝑢𝑙𝑘 +
4 ∗ |𝜎|
𝑒 ∗ 𝑑𝑝𝑜𝑟𝑒
) 𝜇𝐸𝑃,+ + 𝑛𝑏𝑢𝑙𝑘  𝜇𝐸𝑃,− ]
𝜋𝑑𝑝𝑜𝑟𝑒
2
4 𝐿
𝑉 (3.16) 
For 𝜆𝐷 << 𝑑𝑝𝑜𝑟𝑒 the current is governed by the bulk concentration and is not affected by 
the surface charge of the pore: 𝑛𝑏𝑢𝑙𝑘 ≫
4∗|𝜎|
𝑒∗𝑑𝑝𝑜𝑟𝑒
  (this is the case for all of the experiments 
done in this thesis). Equation 3.16 can be simplified to:  
𝐼𝐸𝑃 = 𝑒 𝑛𝑏𝑢𝑙𝑘 (𝜇𝐸𝑃,+ + 𝜇𝐸𝑃,− )  
𝜋𝑑𝑝𝑜𝑟𝑒
2
4 𝐿
 𝑉 (3.17) 
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3.3.4 Pore and Access Resistance 
 
 At high salt concentration, and for cylindrical nanopore, the ionic current created 
across the pore can be classified entirely in ohmic fashion (Davenport et al. 2012). From 
Equation 3.17 the resistance of the nanopore can be resolved: 
𝑅𝑝𝑜𝑟𝑒 =
𝑉
𝐼𝐸𝑃
=
1
[𝑒 ∗ 𝑛 (𝜇𝐸𝑃,+ + 𝜇𝐸𝑃,− )  
𝜋𝑑𝑝𝑜𝑟𝑒2
4 𝐿 ]
 
(3.18) 
we can also deduce an equation for the conductivity through the nanopore, 𝛾𝑃𝑂𝑅𝐸: 
𝑅𝑝𝑜𝑟𝑒 = 
𝐿
𝐴𝑝𝑜𝑟𝑒 ∗ 𝛾𝑃𝑂𝑅𝐸
→ 𝛾𝑃𝑂𝑅𝐸 = 𝑒 𝑛𝑏𝑢𝑙𝑘 (𝜇𝐸𝑃,+ + 𝜇𝐸𝑃,− ) (3.19) 
where 𝐴𝑝𝑜𝑟𝑒 is again the cross-sectional area of the pore; L is the pore length. The entrance 
effect cannot be neglected especially when the length of the pore is smaller than the pore 
diameter. The external resistance, known as the access resistance, is a result of ions 
converging from a semi-infinite reservoir to a very small aperture (Davenport et al. 2012), 
it is expressed as:    
𝑅𝑎𝑐𝑐𝑒𝑠𝑠 =
1
𝛾𝑝𝑜𝑟𝑒 𝑑𝑝𝑜𝑟𝑒
 (3.20) 
The resistances are considered to be connected in series as shown in Figure 3.5, thus the 
total resistance:  
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑝𝑜𝑟𝑒 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 =
(𝐿 +
𝜋𝑑𝑝𝑜𝑟𝑒
4 )
𝛾𝑃𝑂𝑅𝐸 ∗ 𝐴𝑝𝑜𝑟𝑒
 (3.21) 
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Figure 3.5: Schematics of the resistance terms in a low-aspect-ratio-nanopore. 
 
 Notice, Equation 3.21 shows that the applied electric field in the pore can be written 
as:  
𝐸 =
𝑉
𝐿 +
𝜋𝑑𝑝𝑜𝑟𝑒
4
 
(3.22) 
where V is the voltage drop across the pore length, this is similar to extending the pore 
length by 𝜋𝑑𝑝𝑜𝑟𝑒/4. 
 
3.3.5 Event Depth: 
 The change in the current as a particle translocate through a nanopore can be written 
as:  
i =
Rpore/bead − Rpore
Rpore + Raccess
 (3.23) 
where 𝑅𝑝𝑜𝑟𝑒/𝑏𝑒𝑎𝑑 is the pore resistance when a nanoparticle is inside the pore; for low-
aspect-ratio nanopore and for a nanoparticle with a diameter smaller than the nanopore 
diameter (𝑑𝑏𝑒𝑎𝑑 < 𝑑𝑝𝑜𝑟𝑒); the pore resistance is equivalent to: 
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𝑅𝑝𝑜𝑟𝑒/𝑏𝑒𝑎𝑑 =
4
𝜋 𝛾𝑃𝑂𝑅𝐸 √𝑑𝑝𝑜𝑟𝑒2 − 𝑑𝑏𝑒𝑎𝑑
2
arctan (
𝐿
√𝑑𝑝𝑜𝑟𝑒2 − 𝑑𝑏𝑒𝑎𝑑
2
) 
(3.24) 
 
3.3.6 Capture Rate:  
 Capture rate is the frequency at which events occur; it can yield information about 
the particle concentration in the suspended solution. Unlike for the translocation depth 
and duration, the capture rate depends on the electric field applied outside the vicinity 
of the pore. The electric field outside a circular nanopore is defined as: 
E(r) =
V  
L +  π
dpore
4  
(
𝐴𝑝𝑜𝑟𝑒
2 𝜋 𝑟2
) 
(3.25) 
where 𝑟 represents the radial distance from the center of the pore. The capture radius 𝑟∗ is 
defined as the radial distance from the pore at which the particle’s electric field driven 
motion outpaces its random diffusive motion. At the capture rate: 
𝑣𝐸𝑂(𝑟
∗) + 𝑣𝐸𝑃(𝑟
∗) =
𝛿
𝑟∗
 (3.26) 
where 𝛿 is the particle’s diffusion coefficient; 𝑣𝐸𝑂, 𝑣𝐸𝑃 are respectively the electroosmotic 
and electrophoretic velocity of the particle outside the vicinity of the pore. They can be 
written as:  
𝑣𝐸𝑂 =
𝐴𝑝𝑜𝑟𝑒𝑉𝐸𝑂
2 π r2 
=
𝜀 |𝜁𝑝𝑜𝑟𝑒| 𝑉 𝑑𝑝𝑜𝑟𝑒
2
2 𝜂 (4𝐿 + 𝜋 𝑑𝑝𝑜𝑟𝑒) 𝑟2 
 (3.27) 
𝑣𝐸𝑃 = − |𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒| 𝐸(𝑟) =  
𝜀 |𝜁𝑝𝑜𝑟𝑒| 𝑉 𝑑𝑝𝑜𝑟𝑒
2
2 𝜂 (4𝐿 + 𝜋 𝑑𝑝𝑜𝑟𝑒) 𝑟2 
 
(3.28) 
Substituting Equation 3.27 and Equation 3.28 into Equation 3.26 allows to solve for 𝑟∗ : 
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𝑟∗ =
𝜀  𝑉 𝑑𝑝𝑜𝑟𝑒
2
2 𝜂 (4𝐿 + 𝜋 𝑑𝑝𝑜𝑟𝑒) 𝛿  
(|𝜁𝑝𝑜𝑟𝑒| − |𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒|) (3.29) 
From the mathematical representation of r*, the capture rate (𝑓) for a perfectly absorbing 
hemisphere can be defined as: 
𝑓 = 2𝜋𝑁𝑐 𝛿 𝑟
∗ (|𝜁𝑝𝑜𝑟𝑒| − |𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒|) (3.30) 
where Nc represents the number of particles per cubic meter. 
 
3.4 Experimental Result 
 
3.4.1 Pore Conductance 
 The first step before each experiment is to measure the conductance of the nanopore 
with the same electrolyte used for the experiment. Throughout this chapter, we only used 
1x PBS which is equivalent to 150 mM NaCl at pH 7.4. Figure 3.6 shows that the 
experimentally measured conductance closely matches the theoretical model. The 
conductance is observed to be a linear function of the pore diameter which is the 
consequence of being in the bulk regime. If the experimental conductance is very different 
from the theoretical line means that the pore is either partially blocked or damaged; in both 
cases, the device cannot be used for any measurements. 
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Figure 3.6: Conductance of the nanopore with respect to the pore diameter measured in 
150 mM NaCl solution. 
 
3.4.2 Differentiation of Nanoparticles 
 
 This section aims to show the ability of nanopore-based resistive pulse sensing to 
differentiate beads based on their size at different concentrations. For this purpose, we use 
50 and 100 nm polystyrene nanoparticles both modified with carboxyl group. Both 
nanoparticles have similar surface potentials of approximately −32 mV.  A solution in 1x 
PBS was prepared such as the ratio of both nanoparticles is 1 to 1. Figure 3.7.a shows the 
translocation signal of such solution at 200 mV through a 200 nm pore. The signal heights 
for the two beads are different; this allows us to precisely separate both nanoparticles. 
Plotting the signal in the form of a scatter plot of translocation time-current allows for clear 
separation based on the translocation current (Figure 3.7.b). The result shows that the 50 
nm beads have an average of 1.5% translocation current ratio, while their counterparts yield 
an average of 11.1 % translocation current ratio. The theoretical prediction from Equation 
3.23 for these two values are 1.2% and 10.6%, showing a good agreement with the 
experimental result. The scatter plot shows that on average the 50 nm particles translocate 
faster than the 100 nm particles. This suggests that the translocation time depends on the 
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size ratio of pore-particle. Since the translocation time for both nanoparticles shows a broad 
and overlapping time distribution, differentiation of particles based on the translocation 
time is not possible. 
 
Figure 3.7: (a) Time trace of translocation signal of 50 and 100 nm PS-COOH beads with 
a mixed ratio of 1 to 1 in the ionic solution. The translocations are through a 200 nm pore 
with an applied voltage of 200 mV.  (b) Scatter plot showing the translocation current % 
with respect to translocation time for the 50 nm beads (blue) and 100 nm beads (red). 
 
 We can further plot the translocation current % and translocation time distribution 
for both nanoparticles as shown in Figure 3.8. The translocation current % for both beads 
are fitted with a Gaussian distribution. The translocation time distribution for the 50 nm 
beads is fitted with a lognormal distribution. Both histograms counts have been normalized 
to 100. 
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Figure 3.8: (a) Translocation current and (b) Translocation time distribution for the 50 
nm beads (blue) and 100 nm beads (red).   
 
 Different particles present in a biological solution commonly have different 
concentrations. To test the ability of the nanopore in detecting two different bead sizes 
while mixed with different concentrations, two solutions were prepared such as the ratio of 
small to large nanoparticles in the first solution is 10 to 1 and 100 to 1 in the second. The 
corresponding translocation signals are shown in Figure 3.9.a and Figure 3.9.b. The results 
show that both beads can still be detected and the frequency of events is proportional to the 
concentrations of each bead size. We can conclude that having a higher concentration of 
certain bead size will not hinder or stop the other species with lower concentration from 
translocating through the pore. 
  
29 
 
Figure 3.9:  Time trace of translocation signal of 50 and 100 nm PS-COOH beads with a 
mixed ratio of (a) 10 to 1 and (b) 100 to 1 through a 200 nm pore at 200 mV. 
 
3.4.3 Capture Rate 
 
 This section aims to demonstrate the ability of the nanopore-based Coulter counter 
to detect nanoparticles over the range of different particle concentrations. The capture rate 
relates the beads concentration, pore geometry, surface potential and applied voltage. 
Figure 3.10, shows the translocation signal of 0.65 pM of 100 nm beads through a 200 nm 
pore. At this concentration the capture rate is 0.013 Hz (~0.75 translocation events per 
minutes) so to get enough events to yield an accurate analysis of the beads the recording 
had to go for hours. 
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Figure 3.10: Time trace of translocation signal of 0.65 pM of 100 nm PS-COOH beads 
suspended in 1x PBS through a 200 nm pore at 200 mV.  
 
 The capture rate in a fixed pore size with respect to the bead concentration for the 
50 and 100 nm PS-COOH beads was studied. The 100 nm bead concentration varied 
between 0.65 pM to 350 pM and the 50 nm beads concentration varied from 1.5 pM to 350 
pM. The result shown in Figure 3.11 demonstrates that the capture rate increases by 
increasing the nanoparticle concentration; this is consistent with the theoretical prediction. 
Notice, that the capture rate is not a linear function of the bead concentration. Figure 3.11 
also shows the theoretical prediction for the capture rate (discussed in the theoretical 
section), for this we estimated the zeta potential of the nanopore to be −10 mV. The 
theoretical prediction describes better the capture rate of the 100 nm beads. In addition, the 
capture rate of the 50 nm bead seems to be higher than their 100 nm counterparts suggesting 
that the pore-bead interaction should also be taken into account.  
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Figure 3.11: a log-scale plot of the capture rate of 50 and 100 nm PS-COOH beads in a 
200 mV pore at different particle concentrations and comparison with theory (dashed line) 
using 𝜻𝒑𝒐𝒓𝒆 = −𝟏𝟎 mV. 
 
3.5 Translocation Event Types. 
 
 While conducting the translocation experiments, we noticed there are three 
different cases of event duration. The first case is when a particle approaches the pore but 
does not entirely translocate through it. In this case, a much shorter event than usual is 
observed and is referred to as “short event”. The second case is when a particle enters the 
pore while another particle still in the pore, this is referred to as “long event”. Lastly, 
medium event is mostly what is considered in the analysis; it is when a particle translocates 
normally through the pore.  
 Another case is that eventually, particles translocating through the pore become 
stuck inside. Simply switching the bias cannot unclog the pore. This is how the vast 
majority of our translocation experiments presented would end; sometimes we would get 
clogging only after few seconds of recording. The main reason for this problem is due to 
adsorption of the translocating analyte to the pore surface. For instance, carboxyl modified 
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polystyrene beads are electrostatically attracted to the silicon nitride pore. Scientists have 
addressed this problem by controlling the chemical, and physical properties and hence 
nanoparticle interaction with the solid-state nanopore (Tang et al. 2014). The solutions 
presented requires the modification of the pore and or the particles surface which may not 
be favored in some specific applications. 
 
3.6 Conclusion 
 
 In summary, we presented nanopore-based resistive pulse sensing of single 
nanoparticles in low-aspect-ratio silicon nitride nanopore. Our results demonstrate that the 
nanopore device can efficiently differentiate translocation signals of two different bead 
sizes. In addition, our results show that the nanopore-based resistive pulse sensor can 
accurately estimate the concentration of the suspended nanobeads based on the frequency 
of translocations. We also found a huge limitation for this method, which is that often 
translocating particles become permanently stuck onto the nanopore surface causing the 
experiment to end prematurely. 
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CHAPTER 4: Electrokinetic Trapping and Characterization of Single 
Nanoparticles near a Nanopore 
 
 In the previous chapter, we have demonstrated the ability of a nanopore-based 
resistive pulse sensor as a tool for characterizing and detecting single nanoparticles. Its 
principle is based on the exclusion of ions when a particle translocates through a nanoscale 
conduit driven by an external electric field. One of the limitations of this technique is that 
particles translocating through the pore will eventually get stuck inside, which forces the 
experiment to end prematurely. To overcome this problem, here we present a new 
technique based on trapping the nanoparticle near a nanopore and use it as a tool for 
detection and characterization of nanoparticles properties. This study aims to explore the 
dependence of the ionic current change and the induced noise caused by trapping on the 
size and charge of nanoparticles. Our result demonstrates that signals of beads with 
different sizes and charges can be reliably separated based on the trapping current, and 
induced Brownian noise. In addition, our study reveals that the position of trapping and the 
force exerted on the nanoparticle can be tuned by changing the applied voltage. We 
envision that further development of this technique will provide numerous advanced tools 
for unique applications in drug delivery, transport control, and biosensing. 
 
4.1 Introduction 
 Trapping is the capability to immobilize and manipulate single nanoparticle or 
macromolecule in a controlled manner.  Trapping has been of great interest in many fields 
especially for biosensing studies and has opened up new possibilities for the handling of 
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analytes at the nanoscale (Ashkin et al. 1987). For instance, this mechanism is used by 
researchers as a tool for the characterization and manipulation of individual protein (Anker 
et al. 2008), virus particles (Seisenberger 2001, Pang et al. 2014), colloidal quantum dots 
(Curto et al. 2010), carbon nanotubes (Marago et al. 2008). In addition, trapping is used to 
shed light on exploring/understanding the mechanism behind some biological interactions 
that happen at the nanoscale such as the interactions between proteins (Anker et al. 2008), 
and antigen-antibody binding (Romanuik et al. 2010).  
 Optical tweezers are one of many clever methods that are able to trap nanoscale 
size particles; they use small force from a highly focused laser beam to trap dielectric 
particles (Finer. et al. 1994, Chen et al. 2011). However, new methods are still in demands 
for integrating nanofluidic and trapping mechanism to achieve a better trapping stability 
and to handle different materials and environment (Hu et al. 2010, Yang et al. 2009). Here 
we present a new technique of trapping single nanoparticle based on nanopore. Our 
ultimate goals from this work are to demonstrate that the proposed trapping mechanism 
can be used as a detection and characterization tool of single nanoparticles. The aim is thus 
to show that this technique can differentiate nanoparticles based on size, charge, and 
concentration.  
 
4.2 Nanoparticle Trapping  
 Our approach for trapping a single nanoparticle is achieved by purposely designing 
the diameter of the nanopore to be smaller than that of the particle. An external electric 
field is applied such that it will drive the charged particle to migrate toward the pore. The 
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electrophoretically driven particle will have to block the pore as it cannot physically pass 
through due to the size constriction. As long as the bias is applied, the particle will remain 
trapped, as shown in Figure 4.1. 
 
Figure 4.1: Schematics of a nanoparticle blocking the nanopore. 
 
 The blockage of nanoparticle at the pore impedes the pathways of ions passing 
through the pore which results in a sudden decrease in the ionic current. Since the particle 
does not go through the pore, the change in the ionic current is mainly due to change in the 
nanopore access resistance (Tsutsui et al. 2013). The particle can be pushed away from the 
pore by simply inverting the electric field polarity as shown in Figure 4.2. When the 
nanoparticle is removed from the pore, the current will be set back to the open state again. 
 
Figure 4.2: Schematics of a nanoparticle being released from a nanopore. 
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 The process of trapping and de-trapping can be repeated many times. Figure 4.3 
shows a typical current trace displaying multiple trapping and de-trapping events under a 
capture voltage of +0.2 V and a de-trapping voltage of -0.2 V for 100 nm polystyrene 
modified with carboxyl group (PS-COOH) beads. When first applying positive bias, the 
nanopore is open and the current is set at 25 nA. After applying the positive bias for a short 
period, a particle becomes trapped, which is shown as a decrease in the current from 25 to 
19 nA. When reversing the voltage the current is -25 nA which suggests that the 
nanoparticle has been released. Immediately after reversing the voltage, a spike in the 
current is observed. This is due to the sudden change in the silicon nitride membrane 
capacitance when switching the electric field polarity.  
 
Figure 4.3: Time trace of a typical ionic current signal of repeated trapping and de-
trapping of 100 nm polystyrene beads through a 90 nm silicon nitride 90 pore. 
 
 A zoom-in on a typical trapping event is shown in Figure 4.4. It is noticeable that 
the current resulting from a blocked particle (𝐼𝑡𝑟𝑎𝑝𝑝𝑒𝑑) is non-zero. This indicates that the 
nanoparticle is not completely sealing the pore. Also, the increase in the noise level, which 
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is a sign of Brownian motion, shows that the particle is not fixed but is instead vibrating at 
a non-negligible distance from the pore.  
 
Figure 4.4: Trapping signal of 100 nm polystyrene beads through a 90 nm pore. 
 
 Both the percentage change in current from the open to trapped state and the 
amplitude increase in noise level can be harvested for characterization of single 
nanoparticles. We will study their dependence on applied voltage, particle size, particle 
charge and ionic concentration. However, we first need to better understand the 
electrokinetic mechanism behind this trapping phenomenon. 
 
4.3 Electrokinetic Mechanisms  
 Under an external electric field, the nanoparticle will be subjected to two forces: 
electrophoretic and electroosmotic drag force as shown in Figure 4.5  
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Figure 4.5: Schematics of the electrokinetics acting on the trapped nanoparticle. 
 
 The electrophoretic force (𝐹𝐸𝑃) results from the applied bias, and it is the force that 
drives the particle towards the nanopore. 𝐹𝐸𝑃 can be written as:       
𝐹𝐸𝑃 = ∬ 𝜎𝑁𝑃 ?⃗?   
𝑁𝑃
 (4.1) 
where 𝜎𝑁𝑃 represents the surface charge density of the nanoparticle, and E is the electric 
field applied on the nanoparticle. Meanwhile, the fluid flow near the nanopore, caused by 
electroosmosis inside the charged nanopore, will exert a drag force on the nanoparticle. 
The drag (electroosmotic) force can be written as:        
𝐹𝐸𝑂 = ∬ 𝜂 
𝜕𝑢
𝜕𝑛𝑁𝑃
 (4.2) 
where 𝑢 is the velocity of the nanoparticle;  𝜂 is the dynamic viscosity of the electrolyte 
solution. The electric field (E) in Equation 4.1 and the velocity term (𝑢) in Equation 4.2 
can be obtained by simultaneously solving the governing equations for: steady fluid 
(Navier-Stokes and continuity, equation 4.3), electric potential (Poisson equation, 4.4), and 
ionic transport (Nernst- Plank equation, 4.5): 
𝜌𝑢. ∇𝑢 = −∇𝑝 + 𝜂∇2𝑢 + 𝐸𝜌𝑒    ;     ∇ ∙ 𝑢 = 0    (4.3) 
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𝜌𝑒 = −𝜀∇
2𝜙 = ∑𝐹𝐴𝑧𝑖𝑐𝑖
𝑛
𝑖=1
 
(4.4) 
∇ ∙ (−𝐷𝑖∇𝑐𝑖 − 𝑧𝑖
𝐷𝑖
𝑅𝑇
𝐹𝐴𝑐𝑖∇𝜙) = 0 
(4.5) 
where 𝜙 is the electric potential within the fluid, 𝐹𝐴 is the Faraday’s constant, D is the 
diffusivity, R is the universal gas constant, ε is the dielectric permittivity, 𝑧 is the valence 
for of the ion. Even though the equations presented are highly coupled, they do not lead to 
a simple analytical solution. Hence a numerical tool is needed to solve them. 
 In order to calculate 𝐹𝐸𝑆 and 𝐹𝐸𝑂 acting on a nanoparticle as it moves toward a pore, 
we established a two-dimensional axisymmetrical multi-physical model in COMSOL 
using the following modules: “electrostatic” to solve Poisson equation, “laminar flow” to 
solve Navier-Stokes equation and “transport of diluted species” to solve Nernst-Plank 
equation. For a 100 nm PS-COOH bead at 200 mV in a 150 mM NaCl solution, the 
simulated results of 𝐹𝐸𝑃 and 𝐹𝐸𝑂 with respect to the particle position away from the pore 
surface (∆𝑧) is shown in Figure 4.6. Note, since PS-COOH nanoparticle (NP) have a 
negative surface charge both EP and EO forces will be acting in opposite directions. For a 
distance far away from the nanopore orifice (for large ∆𝑧) the electrophoretic force is the 
dominant driving force. As  ∆𝑧 gets smaller, the electroosmotic force starts to take over.  
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Figure 4.6: The electrophoretic and electroosmotic force acting on a 100 nm particle 
suspended in 150 mM NaCl solution with respect to the particle’s distance from the 
nanopore entrance (∆𝒛). The diameter of the pore is 90 nm. 
 
 What dictates the trapping position (equilibrium position) of a nanoparticle is when 
both counter forces completely cancel each other: 𝐹𝑛𝑒𝑡 = 𝐹𝐸𝑃𝐹 − 𝐹𝐸𝑂 = 0. When 𝐹𝑛𝑒𝑡 >
0, the nanoparticle is moving toward the pore by the electrophoretic force. Figure 4.7, 
shows the numerical results for the net force acting on a 100 nm PS-COOH NP at different 
applied voltages. At 200 mV the EOF counteracts the driving force and traps the NP at an 
equilibrium position ∆𝑧 =45 nm. Based on our numerical results the larger the applied 
voltage is, the closer the equilibrium position of the nanoparticle to the nanopore 
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Figure 4.7: Numerical result for the net force acting in pN on a 100 nm PS-COOH NP at 
different applied voltages with respect to the particle distance from the nanopore entrance 
(∆𝒛). 
 
4.4 Permanent Blockage 
 For trapping to happen, both the electrophoretic and electroosmotic forces must be 
acting in opposite directions. This suggests that the nanoparticle and pore surface charge 
must have the same sign. For the opposite scenario, under an applied external electric field, 
the nanoparticle will be forced to make contact with the nanopore since both forces will 
now be acting in the same direction. To test this case, we modified the nanopore surface 
by chemically coating it with Poly-D-lysine (PLL, Sigma Aldrich). Applying PLL has been 
found to switch the polarity of silanol functional group from slightly negative to slightly 
positive surface charge (Cerruti et al. 2008). The surface modification did not affect the 
open state current. After the first blockage, applying a reverse bias did not drive the 
nanoparticle away as shown in Figure 4.8.  Hence, the nanoparticle becomes permanently 
fixed onto the pore.  
  
42 
 
Figure 4.8: Time trace of an ionic current signal for permanent blockage of 100 nm 
polystyrene beads through a 90 nm silicon nitride pore. 
 
 Using the same setup (nanoparticle size and applied voltage) the % change in 
current for the permanent blockage case (60%) is much more significant than the trapping 
scenario (25%). As of why the nanopore is not completely sealed when the nanoparticle is 
actually fixed on it is subject to further research.  
 
4.5 Brownian Noise Analysis 
 As discussed previously we have noticed that the trapped nanoparticle signal 
detects a strong Brownian noise. This means that the trapped particle is vibrating at a near 
distance from the nanopore and can be modeled as a harmonic oscillator (Berg-Sorensen 
and Flyvbjerg 2004, Pang et al. 2014), as shown in Figure 4.9. 
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Figure 4.9: Schematic representing a trapped particle near a nanopore as a harmonic 
oscillator. The k represent the stiffness of the spring and  𝛾 the friction coeffient. 
 
 The Brownian motion of the particle in a harmonic trapping can be modeled by the 
Einstein-Ornstein-Uhlenbeck theory (Berg-Sorensen and Flyvbjerg 2004):                                               
𝑚?̈?(𝑡) + 𝛾?̇?(𝑡) + 𝑘𝑥(𝑡) = 𝜂(2𝑘𝐵𝑇𝛾)
0.5 (4.6) 
here x(t) is the displacement of the NP from equilibrium; m is its mass, 𝛾 is the friction 
coefficient, k is the spring constant; the higher the k the more stable the trapping, 
𝜂(2𝑘𝐵𝑇𝛾)
0.5 is a Gaussian process that represents the thermodynamic forces at absolute 
temperature T. By fitting an explicit analytical model to the experimental data, we can 
extract the spring constant. Such system can be used as a detection and characterization 
tool, so accurate calibration of this Brownian noise is necessary. The most reliable method 
of investigating the Brownian noise is by looking at the power spectral density (PSD) 
which calculates the power present in the signal as a function of frequency per unit 
frequency. This is the commonly used method to study optically trapped beads (Berg-
Sorensen and Flyvbjerg 2004). 
 Each power spectral density in this work was calculated from a one second time 
signal. This signal was digitized at a sampling rate of 500 kHz (Digidata 1550 digitizer, 
Molecular Devices, Inc.) and low-pass filtered with a cutoff frequency of 100 kHz. Figure 
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4.10, shows the measured resistance PSD with respect to frequency in three different cases: 
trapped, permanent blockage and no blockage (open state). The PSD for the trapping case 
exhibits a higher power than the other two cases. Since the main difference is that for the 
trapped case, unlike in the other two, a vibrating particle is floating near the nanopore 
entrance, we can deduce that the increased noise is due largely from the Brownian motion 
of the trapped particle.  
 
Figure 4.10: Resistance power spectral density plot with respect to frequency in three 
different cases: trapped, permanent blockage and no blockage (open state). The dashed 
line represents the theoretical fit to the experimental trapped signal. 
 
 The absence of any sign of resonance in the PSD signal for the “trapping” indicates 
that we have a highly damped harmonic oscillator meaning that the inertial term in equation 
4.6 is insignificant ( 𝑚 ≈ 0)  (Pang et al. 2014). The power spectral density for an 
overdamped case can be modeled as: 
𝑃𝑆𝐷(𝑥, 𝑓) =
2
𝜋
∗
𝛾 ∗ 𝑘𝐵 ∗ 𝑇 ∗  𝛽
2
𝑘2 + 𝛾2 ∗ 𝑤2
 (4.7) 
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where 𝛽 is the linear sensitivity of the system in units of 𝛺/𝑚, it relates the change in 
resistance to the displacement of the particle. 𝑓 is the frequency; 𝑤 = 2𝜋𝑓, is the radial 
frequency. The damping coefficient (𝛾) can be obtained from Stoke’s law for a spherical 
particle:  
𝛾 = 3𝜋𝜂𝑑 (4.8) 
where d is the nanoparticle diameter. In our analysis we assumed the dynamic viscosity 
(𝜂) to be a constant; this means that 𝛾 is constant for nanoparticles of same size. Thus, the 
spring constant (k) and linear sensitivity (𝛽 ) are the only two unknown variables in 
Equation 4.7. Estimated 𝛾 for the three different sizes of beads used in this section are 
tabulated in Table 4.1: 
Table 4.1: Damping coefficient values for the various nanoparticles sizes used in the 
experiments  
 
Particle Size (nm) Damping Coefficient, 𝛾 (nN.s/m) 
100 0.838 
150 1.285 
350 2.935 
 
 Equation 4.7 is what we used to fit the PSD to extract both k and 𝛽 for trapped 
nanoparticles with different sizes and charges. The fitting was done with “ORIGINE-PRO” 
software in which we used the non-linear least-square method. The dashed line over the 
trapped signal in Figure 4.10 is generated from the fitting function. 
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4.6 Experimental Result and Discussion 
4.6.1 Size Dependence 
 We performed the trapping experiment with the same nanopore with nanoparticle 
of different sizes. We tested 100, 150 and 350 nm polystyrene nanoparticles modified with 
carboxyl group. All three different nanoparticles have similar surface potentials as 
presented in Chapter 2. So, to ensure that the only varying parameter is the size, all three 
different nanoparticle sizes were tested separately with the same nanopore which had a 
diameter of 90 nm. A 150 pM concentration of the nanobeads suspended in 1x PBS solution 
were placed separately in the cis chamber. Upon applying voltage, trapping events 
appeared in the form of a sudden decrease in the ionic current. Figure 4.11 shows the 
current change % (∆𝐼 =
(𝐼𝑜𝑝𝑒𝑛−𝐼𝑇𝑟𝑎𝑝𝑝𝑒𝑑)
𝐼𝑜𝑝𝑒𝑛
∗ 100) for the different NPs under different capture 
voltage conditions. The results indicate that the larger the particle is, the higher the current 
change %. Hence, the current change %, which is also a measure of conductance, is 
proportional to the nanoparticle size. 
 
Figure 4.11: Plots of the current change % between the open and trapped state current of 
PS-COOH particles with respect to their size at different applied voltages, using a 90 nm 
pore.  
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 Figure 4.12 shows the PSD for the trapping signal of the 3 different particles at a 
voltage of 200 mV. The result shows that the larger the NP is, the smaller the power per 
frequency of the signal and the plateau (decrease) happens at a lower frequency. 
 
Figure 4.12: PSD for the trapping signal of 100, 150 and 350 nm PS-COOH particles 
using a 90 nm pore at a voltage of 200 mV. 
 
 Figure 4.13.a shows the extracted spring constant for the trapping events of the 
different nanoparticle sizes at 200, 300 and 400 mV applied bias. The result indicates that 
the smaller the particle is, the larger the extracted spring constant, hence much more stable 
trapping. Figure 4.13.b plots the linear sensitivity for the trapping events of the different 
nanoparticle sizes at different applied bias. The results show that sensitivity becomes 
smaller for larger nanoparticles. 
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Figure 4.13: (a) Spring constant and (b) linear sensitivity of the trapped signal with 
respect to nanoparticle size of PS-COOH using 90 nm pore at 200,300 and 400 mV.  
 
4.6.2 Charge Dependence 
  To test the ability of this trapping technique in detecting changes in surface charge 
property of particles, 100 nm polystyrene particles modified with carboxyl groups has been 
simultaneously tested with 100 nm polystyrene particles modified with amine group (PS-
NH2). Both nanoparticles have the same size/shape but different surface potential. So, any 
difference in the trapping signal is attributed to the change in the zeta potential between 
both beads. We separately performed the trapping experiment with a 150 pM concentration 
of PS-COOH and PS-NH2 suspended in 1x PBS solution using a 90 nm pore. Table 4.2 
tabulates the results obtained for a capture voltage of 200 mV and Figure 4.14 shows the 
PSD for the trapped signal of both particle types. 
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Table 4.2: Compares the Zeta potential as measured by DLS for both the 100 nm carboxyl 
and 100 nm amine polystyrene particles. Also, shows the experimental current change %, 
spring constant, and linear sensitivity from the trapped signal for both carboxyl and amine 
particles using 90 nm pore. 
 
 Zeta  Potential 
(mV) 
Current 
Change % 
Spring Constant 
(pN/μm) 
Linear Sensitivity 
(MΩ/μm) 
PS-COOH -32 26% 110 71 
PS-NH2 -10 14% 49 22 
 
Figure 4.14: PSD for the trapping signal of 100 nm carboxyl and 100 nm amine 
polystyrene particles using a 90 nm pore at a driving voltage of 200 mV. 
 
 First of all, both Table 4.2 and Figure 4.14 shows that there is a clear difference 
between the trapping signal for the carboxyl and amine nanoparticle; hence demonstrating 
the ability of this trapping mechanism to differentiate based on a change in the analyte 
chemical properties. Also, our results show that The PS-COOH have higher current change 
% than their PS-NH2 counterparts. This means that the carboxyl particles are able to 
exclude more ions from the entering the pore. Given that both nanoparticles have the same 
size, our only current explanation for this difference is that the PS-COOH beads are trapped 
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at an equilibrium position much closer to the pore than the PS-NH2 beads. Our results also 
show that for a nanoparticle with higher zeta potential magnitude yields a higher spring 
stiffness and linear sensitivity, thus a more stable trapping. 
 
4.6.3 Voltage Dependence 
 To study how the applied voltage affects the trapping signal, polystyrene particles 
modified with carboxyl groups has been simultaneously tested at different capture voltages 
with a 90 nm pore. A 150 pM concentration of the nanobeads suspended in 1x PBS solution 
were placed in the cis chamber. Upon applying voltage, trapping events appeared in the 
form of a sudden decrease in the ionic current. Figure 4.15 shows the current change % for 
different PS-COOH nanoparticles at different voltages.  
 
Figure 4.15: Plots of the current change % between the open and trapped state with 
respect to the applied voltage for 100,150 and 150 nm PS-COOH particles, using a 90 nm 
pore.  
 
 The result shows that that the conductance through a trapped particle decreases with 
increasing voltage. This suggests that nanoparticles are able to exclude fewer ions from the 
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entering the pore as the voltage increase, and in this case might be trapped at a farther 
distance from the nanopore. This explanation that a nanoparticle is further away from 
nanopore at higher voltage is also backed up by the PSD plots (Figure 4.16) which shows 
that the signal power of the resistance is weaker for higher voltages.  
 
Figure 4.16: PSD for the trapping signal of 100 nm PS-COOH particles using a 90 nm 
pore at different applied voltages. 
 
 Figure 4.17.a shows the extracted spring constant for the trapping events of the PS-
COOH at different applied voltages. The result indicates that the trapping is more stable at 
higher voltages since the spring constant increases as a function of the applied voltage. 
Figure 4.17.b plots the linear sensitivity for the trapping events of the different nanoparticle 
sizes at different voltages. The results show that the sensitivity for 100 nm particle 
decreases as a function of applied voltage. However, the sensitivity of the larger 
nanoparticles is not much affected by the change in the applied bias. 
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Figure 4.17: (a) Spring constant and (b) linear sensitivity of the trapped signal with respect 
to applied voltage for 100, 150, 350 nm PS-COOH particles using 90 nm pore. 
 
 4.6.4 Response Time 
 The Response time of trapping is the time from the moment the voltage is applied 
to the moment trapping happens. This measure is equivalent to the capture rate discussed 
in Chapter 3, and can shed light on the concentration of the nanoparticles in the solution. 
To have an accurate measurement of the response time, the de-trapping time (total time of 
driving the nanoparticle away) has to be steady. Figure 4.18 plots the average response 
time for 50 trapping event at various nanoparticle concentrations. The results show that the 
response time is faster for higher concentrations. The strong dependence of the response 
time on the nanoparticles concentration is a clear evidence that the proposed trapping 
method can also be used to characterize the concentration of suspended nanoparticles. 
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Figure 4.18: Response time for the trapped signal of 100 nm PS-COOH beads tested 
with a 90 nm pore at different particles concentrations. 
 
4.7 Conclusion 
 In Summary, we presented a new method for electrokinetically trapping a single 
nanoparticle near the entrance of a nanopore. We first proved that trapping occurs due to a 
balance between two counteracting factors, electrophoretic and electroosmotic forces and 
the motion of the trapped nanoparticle can be modeled as a damped harmonic oscillator. 
The advantages of this method are that it can differentiate nanoparticles based on size and 
charge. Another important feature of this tool is its ability in accurately measuring the 
nanoparticles concentration. In addition, by controlling the applied voltage, we can tune 
the position and stability of trapping.  
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